Ideally, a household filter should reduce contaminant concentrations to acceptable levels whilst retaining adequate permeability and reactivity over extended time periods (e.g. 12 months). Due to the volumetric expansive nature of iron corrosion [26] [27] [28] [29] , designing iron filters with long-term adequate permeability is a challenge for the scientific community [30] .
In fact, very efficient Fe [31] [32] [33] [34] but were abandoned because of service lives of only 6 to 24 weeks [35] [36] [37] . Hussam [37] reported that 3-Kolshi filters were "highly functional, but not sustainable" as the filters experienced permeability loss after 3 to 6 months. The alternative to 3-Kolshi filters was an improved filter called SONO filters [13, 33, 37] . The heart of SONO filters is a manufactured porous composite iron matrix (CIM).
CIM is manufactured from Fe 0 and resulted filters could work for up to 11 years [37] .
The present theoretical work is part of ongoing efforts, aiming at reviving conventional Fe The process of aqueous iron oxidative dissolution at pH > 4.0 is characterized by the expansive nature of iron corrosion products (iron oxides and oxyhydroxides or simply iron oxyhydroxides). Depending on the nature of iron oxyhydroxide, a volumetric expansion of up to 6.4 has been reported [28] . In other words, an iron oxyhydroxide molecule may occupy a volume up to 6.4 times the volume of atomic Fe in the lattice structure. Accordingly, a pure iron bed (100 % Fe 0 ) will clog sooner than a bed containing the same iron mixed with inert material (e.g. sand). Therefore, mixing sand and Fe 0 should be regarded as a tool to sustain permeability of an iron bed (Assertion 2: mixing sand and Fe 0 increases bed service life).
Assertion 1 and Assertion 2 clearly show that the role of sand in an Fe 0 bed is antagonistic.
Accordingly, a well-designed Fe 0 /sand bed must conciliate limited Fe 0 accessibility and extended service life. It is obvious that a critical volumetric Fe 0 :sand ratio exists above which bed clogging will occur upon Fe 0 depletion. That is the Fe 0 proportion for which in-situ generated iron oxyhydroxides will fill the inter-granular pore volume of the initial bed. The results of such calculations for the Fe 0 :quartz is recalled in the next paragraph.
Literature review
Iron has been mixed with inert materials (including gravel and sand) since the early stage of investigations regarding the applicability of iron walls for groundwater remediation [40, 41] .
However, there has been no systematic study designed to rationalize the effects of sand on the 
The importance of volumetric ratios
The main concern of available data on Fe 0 /sand/H 2 O systems is their comparability. When the Fe 0 :sand ratios are given in percent it is not always specified whether it is volumetric or weight based. However, given the large difference between the density of sand (< 2,000 kg/m 3 ) and iron (7,800 kg/m 3 ), it should always explicitly said whether given percent are volumetric (vol-%) or weight (wt-%). Even in some cases (e.g. ref. [42] ), the Fe 0 :sand ratio is given without the high of the reactive zone nor the mass of either sand or iron.
Rationale for use the volumetric ratio
The sole calculation that could be founded to rationalize used Fe 0 :sand ratios is given by Leupin et al. [45] and mentioned by Gottinger [15, 49] . The authors used 2. Leupin et al. [45] came to the conclusion that at least 9.9 cm 3 (i.e. 35 cm 3 ) of sand should be used per gram of iron to avoid the clogging of more than a third of the void volume.
The calculus of Leupin et al. [45] , considered as a rough estimate by the authors, has to be improved because they have not taken into account the inter-granular voids in the Fe 0 /sand bed. In fact, the filter has to be considered as a granular medium with two types of porosity:
(i) the internal porosity of particle (as mentioned in ref. [45] ) and (ii) the inter-granular voids depletion. The present paper attempts to rationalize the admixture of Fe 0 particle with porous particles, including sandstone as used by Leupin et al. [45] . The filling of the total porosity (inter-particles voids and internal porosity) will be considered. The next section will discuss the efficiency of a Fe 0 /sand filter.
3
Relevant parameters influencing the efficiency of the Fe 0 /sand filter
Permeability of granular materials
Water permeability is essential for Fe 0 /sand filter efficiency because it determines the rate of flow and, thus, the filtration ability. Many models have been proposed to relate the water permeability of granular medium to their microstructure characteristics [50] [51] [52] [53] [54] . These models show that permeability is controlled by the packing, shape, sorting (particle size distribution), and porous structure of used granular material, but it appears that porosity and tortuosity of granular materials are two of the primary factors that control water flow process [53] [54] [55] [56] [57] [58] . In the most general way, permeability depends on the total porosity which is the ratio of the total volume of voids to the total volume of material. More importantly, however, permeability depends on the way in which the total porosity is distributed and thus on the effective porosity. The effective porosity characterizes the degree to which available pores are interconnected. As a rule, if all pores of a granular material are well interconnected, the total porosity is equal to the effective porosity. Tortuosity can be defined as the ratio of the real pH. These factors are determinant to the time at which the initial porosity is reduced to zero.
The present discussion will not address how these factors affect Fe 0 reactivity. The evolution of filter permeability due to filling of porosity by iron oxyhydroxides which is the most important parameter determining filter service life will be solely addressed.
Aim of the paper
Permeability variation in an iron filter is important for predicting filter service life.
Understanding the dependence of filter permeability on the extent of iron consumption would be decisive in designing filters. An ideal iron filter is a random pack of identical spheres in a column. The porosity of such an ideal system has a fundamental value of 36 % assuming a compactness of 64 % with soft vibration [30, [54] [55] [56] . The actual porosity value for a Fe 0 /sand filter will depend on the size distribution of filling particles but this porosity is a good approximation for such mixing. As iron consumption progresses, residual Fe 0 particles become compacted and cemented, and the initial porosity (ideally 36 %) progressively decreases down to zero. At porosity zero, the filter is clogged (Figure 1 ). Cemented Fe 0 particles form a continuous frame which had been called "cake". The described dynamic evolution of the porosity is somewhat equivalent to the formation of quartz (porosity zero) from sandstone (porosity 40 %) by diagenesis [63] (Figure 2 ).
As described above, clogging is inherent to Fe 0 filters working at near neutral pH values (more exactly at pH > 4.0). Therefore, lengthen filter service live initially depends on the ability to create additional space for in-situ generated iron oxyhydroxides while maintaining filter efficiency. An obvious possibility is to use porous material which internal porous 
Background
This work tests the hypothesis, that porous minerals and rocks have the potential to enhance the sustainability of metallic iron (Fe 0 ) filter. Therefore, it is not important to work with a well-characterized porous material. The concept of "critical porosity" [63] will be used for the discussion. Critical porosity is defined as "the porosity above which the rock can exist only as a suspension". The critical porosity, separates two fundamentally different domains -one of consolidated, frame-supported rocks, and another of fluid-supported suspensions (see ref. [63] for more details). Tab. 2 summarizes the critical porosity value of various rock types. The major feature from Tab. 2 is that the potential exists to find rocks of porosity 0 (quartz) to 80 % (pumice). The highest value from Tab. 2 will be used to qualitatively demonstrate the feasibility of extending filter service live by replacing sand by porous material in a conventional Fe 0 /sand filter. Some suitable porous materials are presented in Supporting
Information. It can be noticed that the permeability of porous materials is linked to their porous structure (pore connectedness). In general, due to diffusive processes in porous structures, slower kinetics of water flow will be observed comparative to a conventional Fe 0 /sand filter. Regardless from the pore connectedness, it is expected that material porosity will effectively store in-situ generated iron oxyhydroxides. 
Design and modelling
A reactive zone (rz) of Fe 0 with a thickness H rz is introduced in the fine sand layer of a conventional biosand filter (Fig. 3) Under these assumptions, the residual porosity of the mixing Fe 0 -quartz-porous particles is given by: 2), the residual porosity is about 32 % for 100 % quartz (point C) and 60 % for 100 % pumice (point B). The long term permeability of the filter may be improved by up to 45 %.
As shown previously, water permeability depends on the effective porosity and not on the total porosity. Some water can remain more or less stagnant in the internal porous structure of a material exhibiting low interconnectivity of pores (or voids). Water flow in the internal porous structure is always slow compared to water flow in the inter-particular voids.
Nevertheless the residual effective porosity of the mixture is increased because corrosion iron products are at least partly stored in the porous structure of particles and not totally in the inter-particular voids (see Fig. 1 and 4) . Assuming that the porosity of the porous particles (pumice) is totally filled by iron oxyhydroxides, the residual porosity of the inter-particular voids (effective porosity) is 30% leading to better permeability.
Experimental studies to validate the efficiency of porous materials to lengthen conventional Fe 0 /sand filter service life will consist to evaluate the actual permeability related to the storage of iron oxyhydroxides in porous particles. For instance, 3D imaging by X-ray micro tomography will be an efficient tool to evaluate the residual porosity of the inter-particular voids.
Generalization: Fe 0 /quartz/porous materials
The results discussed above for a pumice exhibiting a porosity of 80 % can be extended to pumices of various porosities and any other porous particles including activated carbons, dolomites, manganese oxides, rock salts, sandstone, and zeolites. . However, the discussion of the resulting volumetric variation and its impact on the filter permeability is over the scope of this communication. On the other hand, while using activated carbons as porous additive to sustain filter permeability, the pore size distribution of individual materials should be carefully considered. Remember that porous materials are mainly used as magazine for iron oxyhydroxides. Therefore, mesoporous materials are like more suitable than microporous materials because available pores must be accessible to iron oxyhydroxides.
Concluding remarks
The theoretical principles essential to experimentally test the use of porous materials to sustain Fe 0 /sand filters are exposed in this study. This approach was rendered possible by revisiting the nature of Fe 0 -based filters. It was recalled that a filtration system basically works on the size-exclusion principle [14] . Accordingly, at any time, the pore space must be large enough to enable the expansion/compression cycle inherent to iron corrosion. Iron corrosion products (iron oxyhydroxides) reduce filter porosity and thus permeability while increasing size-exclusion efficiency. The first task to enable long-term iron corrosion was to replace a part of Fe 0 by an inert material (e.g. quartz) [30] . Table 1 Based on the universal availability of both Fe 0 and suitable porous additives, it can be anticipated that the Millennium Development Goal of halving "by 2015 the proportion of people without sustainable access to safe drinking water" can still be achieved [65] .
Supporting Information
Selected suitable porous materials to sustain Fe 0 /sand filters (8 pages)
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